The microstructure of the laser powder bed additively manufactured Inconel 625 in post-build stress-relief annealed condition and subsequently annealed at a temperature of 600°C for 5, 100 and 500 h was investigated by means of light microscopy as well as scanning and transmission electron microscopy. Stressrelieved Inconel 625 exhibited fine cellular-dendritic microstructure characterized by the high dislocation density. Selected area electron diffraction studies allowed to demonstrate that already after 5 h of annealing at a temperature of 600°C, precipitation of the c¢¢ phase in the form of coherent nanoparticles occurred. With the prolongation of the duration of annealing at a temperature of 600°C from 5 to 500 h, the gradual dissolution of intercellular areas and decrease in the dislocation density were accompanied by enhanced precipitation of the c¢¢ phase nanoparticles.
Introduction
Inconel 625 is a nickel-based superalloy exhibiting hightemperature strength, good corrosion resistance in several aggressive environments and good weldability (Ref [1] [2] [3] . Due to its specific properties, it is widely used in different applications, e.g., in automotive, aeronautics and chemical industries. However, like other nickel-based superalloys, Inconel 625 is difficult to machine. Therefore, additive manufacturing (AM) of Inconel 625 is an attractive process for fabrication of parts with complex geometry (Ref 4) . One of the mostly applied AM processes, which is used to make Inconel 625 parts, is laser-based powder bed fusion (L-PBF), in which the layers of powder are successively spread on the platform and selectively fused by a laser beam scanning along the predefined path. The process is repeating until the desired shape is obtained. Due to the rapid melting followed by the rapid cooling during the L-PBF processes, the thin layers of melted powder undergo rapid dendritic solidification and thus, in the post-built condition, Inconel 625 exhibits fine cellulardendritic microstructure (Ref 5) . To reduce residual stresses and thus avoid distortions before cutting built parts from the building platform, routinely stress-relief annealing is performed at a temperature of 870°C for 1 h (Ref 5 -7) . Examination of the microstructure of L-PBF-processed Inconel 625 in as-built and stress-relief annealed condition was the subject of several reports ( Ref 5, [7] [8] [9] [10] [11] [12] . The microstructure after post-build annealing at a temperature of 980 and 1150°C was also examined ( Ref 13) . It was revealed that in the as-built condition, the significant segregation of Ni and Cr to dendrite cores as well as enrichment of the interdendritic regions in Nb and Mo occurs ( Ref 8, 9, 12, 13) . Along the melt pool boundaries, precipitates of the c¢¢ phase rich in Nb were observed (Ref 10). Furthermore, in the stress-relieved condition, the presence of the c¢¢ phase, d phase as well as MC, M 6 C and M 23 C 6 carbides was reported ( Ref 7, 11, 12) . However, to the knowledge of the authors, there is limited information about the microstructure of L-PBF Inconel 625 subjected to the postbuild annealing at a temperature higher than the routinely applied stress annealing. Moreover, there are only a few reports on the evolution of the microstructure during the subsequent exposure at a temperature of 600°C (Ref 9), which is the working temperature of Inconel 625 in the chemical industry, waste processing and energy systems applications (Ref [14] [15] [16] .
Therefore, the aim of the present study is characterization of the microstructural changes that occur at micron-/submicronand nanoscale in the L-PBF Inconel 625 subjected to post-build stress-relief annealing at a temperature of 980°C for 1 h, as well as after subsequent annealing at a temperature of 600°C for 5, 100 and 500 h. specimens in cuboidal shape 15 mm 9 15 mm 9 15 mm in size were subjected to the post-build annealing at a temperature of 980°C for 1 h and slowly cooled in an argon atmosphere. The purpose of this treatment was stress relieving and also partial solution annealing. Subsequently, the specimens were isothermally annealed at a temperature of 600°C for 5, 100 and 500 h and cooled in air. The microstructural investigation was performed by means of light microscopy (LM), scanning and transmission electron microscopy (SEM, TEM). The LM and SEM analyses of polished sections were carried out using Axio Imager M1m (ZEISS, Germany) and Nova NanoSEM 450 (FEI, USA) microscopes. Thin foils for TEM were prepared by electropolishing. The TEM investigation was performed using JEM-2010 ARP microscope (Jeol, Japan) equipped with INCA EDS system (Oxford Instruments, UK). 
Results and Discussion
Figure 1(a) shows a composite of LM images corresponding to horizontal (XY) and vertical (XZ and YZ) sections of the stress-relief annealed specimen. The built direction is marked by an arrow. In the vertical plane ( Fig. 1b ), the profiles of melt pools forming a so-called fish scale are visible. Figure 1 (d) displays the layers of deposited material observed in the horizontal plane. The angle between the laser paths in the successive layers is equal to 67°, according to the scan strategy applied by EOS in DMLS process. SEM observations revealed the cellular-dendritic microstructure within the layers ( Fig. 1c and e), which is typical for L-PBF-processed alloys. The width of cells was in the range of 300-400 nm. EDS microanalysis revealed the preferred segregation of Nb and Mo to the cell walls. The average concentration of Nb and Mo, determined from measurements at 20 points, was equal to 1.2% Nb and 4.0% Mo inside the cells; meanwhile, at the cell walls, it amounted to 5.8% Nb and 6.2% Mo. In both the vertical and horizontal planes, besides the cellular forms, the elongated columnar cells and fine dendrites with very short secondary arms were present ( Fig. 1c and e ). Such elongated cells and dendrites demonstrated epitaxial growth over melt pool boundaries. This shows that the re-melting of the underlying layers during subsequent laser passes allowed for the restart of the grain growth process in the next layers (Ref 18) . In the horizontal plane in the vicinity of melt pool boundaries, also the coarser cellular regions occurred ( Fig. 1e ). Kruth et al. (Ref 19) postulated that in L-PBF-processed alloys, such regions are not overlapped with alternating layers and thus not re-melted by laser, so in effect are less heat-affected, which leads to a coarse microstructure. Similar findings have been reported in the laserassisted direct energy deposited Inconel 625 ( Ref 20) . TEM microstructural analysis showed the high dislocation density inside cells and splits of dislocations within the cell walls Fig. 2a and b ). The estimated dislocation density was equal to 3.65 9 10 14 m À2 . This observation indicates that the annealing at a temperature of 980°C for 1 h is not sufficient to relieve the residual stresses in L-PBF Inconel 625. In the cell walls, precipitates of the secondary phases were observed ( Fig. 2c ). Such particles were of globular or irregular shapes and up to 100 nm in size. Figure 2(d) shows the EDS spectrum of the particle with globular morphology marked in Fig. 2(c) by an arrow. Results of quantitative EDS microanalysis of the matrix and exemplary precipitates are given in Table 1 . The concentration of Si, Cr and Fe in individual particles varied in a similar range as in the matrix. The Ni content in the matrix was about 66.6%, while in the precipitates was in the range from 59.0 to 70.4%. In the case of Nb and Mo, in some particles, the concentration of these elements was at a similar level as in the matrix (e.g., precipitates no 1-3 in Table 1 ), while in most of the analyzed particles, a significant enrichment in Nb and Mo was observed.
The trials of phase identification using SAED patterns revealed that the examined particles may be the precipitates of the c¢¢ phase (tetragonal, I4/mmm), d phase (orthorhombic, Pmmm), P phase (orthorhombic, Pnma), Laves phase (hexagonal, P63mmc) or the M 6 C carbides (cubic, Fd3m). However, the solutions of the diffraction patterns provided several possible phases; thus, the undoubted phase identification was not possible. In many previous studies, it was demonstrated that Inconel 625 exhibits a complex precipitation behavior, which varies depending on the production method, e.g., wrought, powder metallurgy, welding, laser cladding or cold metal transfer cladding ( Ref 1, 2, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . It has been shown that at a temperature range of 550-900°C, precipitates of the c¢, c¢¢, d and Ni 2 (Cr,Mo) Laves phases, as well as MC, M 6 C and M 23 C 6 carbides, can be present in Inconel 625 fabricated using different methods. The further studies are needed to determine which exact phases are present in stress-relief annealed L-PBF Inconel 625. Figure 3 (a), (b), (c) and (d) shows the typical microstructure of the L-PBF Inconel 625 specimen annealed at a temperature of 600°C for 5 h observed on LM, SEM and TEM images. The LM and SEM images did not reveal the pronounced changes in the microstructure, as compared with the stress-relief annealed condition. However, the dislocation density decreased to 2.77 9 10 14 m À2 (Fig. 3c ). Besides the precipitates of globular and irregular shapes located in the cell walls, the elongated nanoparticles with oscillating contrast in TEM bright-field images were observed. Examples of such precipitates are marked by arrows in Fig. 3(d) . SAED patterns allowed to identify them as the precipitates of the c¢¢ phase. Figure 3 . Our studies did not confirm those findings for the specimen stress relieved at the higher temperature of 980°C, whereas it was demonstrated that precipitation of the c¢¢ phase occurs after subsequent annealing at a temperature of 600°C for 5 h in the whole volume of the L-PBF Inconel 625. Precipitation of the c¢¢ phase was also observed in wrought Inconel 625 long-time service exposed and subsequently annealed at the temperature of 650°C for 1 h cooling rates in additive manufacturing are much higher, which results in a very fine and highly segregated microstructure. Our observations indicate that such refinement in L-PBF Inconel 625 contributes to precipitation of the c¢¢ phase at lower temperature and after a shorter time than in heat-treated welds. Prolongation of the annealing time up to 100 h resulted in the destabilization of the cellular microstructure manifested by breaks in the continuity of the cell walls, as observed in LM images ( Fig. 4a ) and more clearly in SEM images (Fig. 4b) .
Due to the intensification of recovery processes, dislocation density inside the cells further decreased and was equal to 2.55 9 10 14 m À2 (Fig. 4c) . Moreover, the c¢¢ phase particles grew and precipitated in all three sets of the {100} planes of the c phase matrix, what was demonstrated by the presence of the three sets of diffraction spots form the [100], [010] and [001] zone axes of the c¢¢ phase ( Fig. 4d and e ). Streaking of the c¢¢ diffraction spots in the principal cubic directions is related to the plate-like shape of the particles precipitated on the {100} c phase planes. EDS spectra acquired in the locations of the c¢¢ phase precipitates revealed the presence of the strong Ni, Cr, Mo and Nb peaks (Fig. 4f ). The c¢¢ phase nanoparticles were below 100 nm in size, while the foil thickness was about 210 nm; thus, this result represents the sum of the c and c¢¢ phase compositions. It should be pointed out that prolongation of the annealing at a temperature of 600°C to 100 h did not result in intensive precipitation of the d phase, as it was shown in other studies even already after stress relieving at a temperature of 870°C for 1 h (Ref 12) . After annealing for 500 h at a temperature of 600°C, the progress in homogenizing of the cellular microstructure was insignificant, as compared with the observations of the sample annealed for 100 h (Fig. 5a and b) . In turn, dislocation density decreased to 1.68 9 10 14 m À2 (Fig. 5c ). Pronounced intensification of the c¢¢ phase precipitation was also noticed. Densely arranged precipitates were visible in TEM bright-field images (Fig. 5d) as well as the dark-field images recorded in the [002] spot of the c¢¢ phase ( Fig. 5e and the corresponding SAED pattern in Fig. 5f ). The density of the c¢¢ phase precipitates was higher in the cell walls areas than in the cell interiors. This observation can be correlated with the results of the EDS microanalysis of the initial stress-relief condition showing the high degree of Nb microsegregation to the cell walls, which creates the more favorable conditions for precipitation of the c¢¢ phase. conel 625 subjected to stress-relief annealing at a temperature of 980°C for 1 h is characterized by high dislocation density. 2. Precipitates of the c¢¢ phase were found in L-PBF Inconel 625 annealed at a temperature of 600°C for 5, 100 and 500 h. The plate-shaped nanoparticles of the c¢¢ phase precipitated on the {100} planes of the c phase matrix. 3. With the prolongation of annealing duration at a temperature of 600°C, the gradual dissolution of intercellular areas and the decrease in the dislocation density was observed. 
